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Crimean–Congo hemorrhagic fever (CCHF) virus is highly pathogenic for humans and remains the only Category A virus for which full
sequence information is currently unavailable. In this study we completed CCHF genome characterization by determining the L segment
sequence using Dugbe and CCHF virus-specific oligonucleotides. Sequence alignments revealed the presence of four previously described
conserved regions in all Bunyaviridae polymerases. Interestingly, additional regions containing putative Ovarian Tumor (OTU)-like cysteine
protease and helicase domains were identified in the L segments of CCHF and Dugbe viruses, suggesting an autoproteolytic cleavage process
for nairovirus L proteins.
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Crimean–Congo Hemorrhagic Fever (CCHF) virus is a
member of the Nairovirus genus of the family Bunyaviridae,
and is the causative agent of a tick-borne hemorrhagic fever
that is pathogenic in humans, with mortality rates of up to
60% (Oldfield et al., 1991). CCHF may be contracted
through tick bites, contact with viremic animals or humans,
exposure to infected blood or tissues, or via nosocomial
routes (Fisher-Hoch et al., 1992; Swanepoel, 1995). Al-
though originally reported separately in both the Crimea
region of the former Soviet Union and the Democratic0042-6822/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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1 These authors have contributed equally to this work.Republic of the Congo (Hoogstral, 1979), there have now
been reports of CCHF in more than 30 countries, and its
presence has become endemic in many of these areas
(Linthicum and Bailey, 1994).
All members of the Bunyaviridae family are enveloped
viruses containing tripartite, negative sense, single-stranded
RNA genomes (Schmaljohn and Hooper, 2001). The small-
est (S) segment codes for the viral nucleoprotein, while the
medium (M) segment encodes two glycoproteins. The
largest of the three segments, termed the L segment,
encodes an RNA-dependent RNA polymerase (RdRp) that
is characterized by several conserved functional regions.
Region 3, more commonly called the polymerase module,
has been extensively examined in several viruses displaying
varying template specificity. Poch et al. (1989) described
motifs A through D of the polymerase module which have
been identified as conserved among all RNA-dependent
polymerases examined to date (Delarue et al., 1990).
Moreover, motifs A and C are also present in DNA-
dependent polymerases.
Sequence determination of an increasing number of
bunyavirus L segments identified two additional domains,
one upstream of motif A (pre-motif A) and the other
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motif A can be found in RNA-dependent polymerases,
including retroid elements and positive sense RNA viruses.
However, motif E is reported to be present only in seg-
mented RNA viruses of negative polarity (Xiong and Eick-
bush, 1990). Upstream of the polymerase module, two
additional domains (regions 1 and 2) have been identified
and seem to be conserved in arena- and bunyaviruses
(Mu¨ller et al., 1994). Furthermore, a fourth conserved
region (region 4) has been defined downstream of the
polymerase module within Bunyaviridae L segments
(Aquino et al., 2003).
Within the Bunyaviridae family there are five genera:
Orthobunyavirus, Phlebovirus, Hantavirus, Nairovirus, and
Tospovirus. The sequence of the Nairovirus Dugbe (DUG)
L segment was published in 1996 (Marriott and Nuttall,
1996) and has remained the only nairovirus sequence
published to date. Although respective segment lengths vary
between bunyavirus genera, the DUG virus L segment is
unusually large at almost twice the length of polymerase
genes belonging to viruses within the Orthobunyavirus,
Phlebovirus, and Hantavirus genera. Tospoviruses generally
contain a larger polymerase gene of approximately 9 kb;
however, the Dugbe L segment remains significantly larger
at 12.2 kb. Furthermore, comparison with other bunyavi-
ruses showed limited sequence homology located only in
the central polymerase module region. Primary sequence
analysis indicated that the DUG virus L segment may
contain an N-terminal Ovarian Tumor (OTU)-like cysteine
protease domain (Makarova et al., 2000). Generally, such
proteases play a critical role in the control of viral replica-
tion through cleavage of host cell or viral proteins.
CCHF virus is an endemic viral hemorrhagic fever agent
in many countries and is the sole Category A virus of the
Bunyaviridae family (http://www.niaid.nih.gov/biodefense/
bandc_priority.htm). Thus, the development of pre- and
postexposure countermeasures has priority for public health
systems worldwide. The molecular characterization is the
basis for such efforts and is also required to move the
recently developed polymerase I-directed reverse genetic
system (Flick et al., 2003) towards the development of an
infectious clone. This study was designed to determine the L
segment sequence and, thus, complete CCHF genome
characterization. Sequence comparison analyses identified
all previously described conserved L segment regions and
discovered additional cysteine protease and helicase motifs.
These newly described motifs were also found in the DUG
virus L segment sequence, supporting a replicase-like ac-
tivity for these L proteins.Results and discussion
Based on the characteristic organization of Bunyaviridae
genomes, it was inferred that nairovirus L segments likely
encode the RdRp. In addition, sequence analysis of theDUG L segment had illustrated the presence of conserved
polymerase module motifs (Marriott and Nuttall, 1996).
Therefore, initial primers designed to reverse transcribe
and amplify overlapping CCHF L segment fragments were
based on the polymerase module region of DUG virus.
BLAST results against the DUG virus sequence revealed
motifs similar to OTU-like cysteine proteases and topoiso-
merases; therefore, primers were also generated based on
these regions. This strategy provided CCHF L-specific
sequence information which was further employed to make
use of a ‘primer walking’ strategy. In conjunction with
further DUG-specific primers, the sequence of the CCHF
L segment was fully determined.
Difficulties in determining both genomic ends were
overcome using internal primers specific to the CCHF L
segment sequence in combination with primers that were
designed based on the conserved promoter region of the
DUG virus L segment, as well as Dugbe and CCHF virus M
and S segments. To sequence the 5Vand 3Vgenomic ends,
rapid amplification of cDNA ends (RACE) was used. In
parallel, RNA ligations, in combination with RT-PCR, were
performed to self-ligate individual segments and sequence
the resulting junctions. Sequence data were confirmed by
independent sequence determination of overlapping frag-
ments derived from both vRNA and cRNA amplifications.
Alignment of the genomic end sequences with the DUG
virus L segment and the M and S segments of both DUG
and CCHF viruses demonstrated that the first 9–11 nucleo-
tides are highly conserved. Similar to other bunyaviruses,
these conserved ends seem to mediate the formation of
terminal base-paired structures (Flick et al., 2002). These
formations are involved in viral polymerase binding and
initiation of transcription and replication, and give each
segment a circular appearance when visualized through
electron microscopy (Schmaljohn and Hooper, 2001).
A general comparison of DUG and CCHF virus L
segments showed approximately 60% amino acid homolo-
gy, with nucleotide composition also highly conserved at
60% homology. The CCHF L segment itself was found to
be 11942 nucleotides long, with only one predicted open
reading frame of 3942 residues, while DUG virus L segment
is composed of 12255 nucleotides and one open reading
frame of 4036 residues (Marriott and Nuttall, 1996).
Subsequent to determination of the complete sequence,
numerous sequence alignments were performed using Clus-
tal W-based software to identify conserved motifs (Thomp-
son et al., 1994). Both CCHF and DUG viruses were found
to contain polymerase module motifs pre-A through E, with
the polymerase module centrally located between residues
2269 and 2579 (Fig. 1A). Inter-motif regions remain ex-
tremely constant with respect to size, indicating that the
different motifs within the polymerase module likely act in a
structurally dependent manner during replication processes.
Three-dimensional analysis supports this theory, as the
folding nature of these regions places motifs A, C, and D
in favorable spatial orientations for NTP binding and
Fig. 1. Amino acid sequence alignments of RNA-dependent RNA polymerase modules of selected segmented negative-sense RNA viruses. Pairwise alignments resulted in the identification of identical and
conserved residues in regions 1–4. Yellow highlights identical residues among all compared viruses; blue highlights identical residues among all bunyavirus; gray highlights areas that are conserved, the most
common of which are underlined. Virus abbreviations are as follows: CCHF, Crimean–Congo Hemorrhagic Fever; DUG, Dugbe; BUN, Bunyamwera; LAC, La Crosse; HTN, Hantaan; DOB, Dobrava; AND,
Andes; RVF, Rift Valley Fever; UUK, Uukuniemi; INS, Impatiens Necrotic Spot; TSW, Tomato Spotted Wilt; LAS, Lassa; INFC, Influenza C. The amino acid positions corresponding to each CCHF motif are
indicated at the top of the alignments. The distances between each motif are highly conserved. (A) The polymerase module (region 3) contains 11 identical and 30 conserved amino acid residues. Motifs pre-A
through E divide the polymerase module into six defined regions. Regions 1 (B) and 2 (C) are common among members of the Arena- and Bunyaviridae virus families. They contain five identical and 20 conserved
amino acid residues. (D) Region 4 has previously been described only in bunyaviruses, however it can also be seen in other negative-sense viruses. It contains one identical and 14 conserved amino acid residues.
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E. Kinsella et al. / Virology 321 (2004) 23–2826catalysis function when compared with the structure–func-
tion relationship of well-studied RNA- and DNA-dependent
polymerases, including the reverse transcriptase of HIV-1
(Jakobo-Molina et al., 1993; Poch et al., 1989; Sousa,
1996).
The invariant sequences DXXKW at position 2354–
2358 and SDD at position 2512–2514 of motifs A and C,
respectively (Fig. 1A), may have metal-binding activities
necessary for catalytic functions (Delarue et al., 1990).
However, it remains unclear what precise role the conserved
residues of motif D may play, as the otherwise-conserved
lysine residue is not present in members of the Phlebovirus
genus (Fig. 1A). Alignments suggest that motif E is present
in all segmented negative-sense RNA-dependent RNA virus
polymerases (Fig. 1A). Along with motif B, motif E is in a
favorable spatial position for situating an RNA template
relative to the proposed catalytic site (Jakobo-Molina et al.,
1993). Motif B is generally thought to be present in all
polymerase modules of RNA viruses, but in the Arenavir-
idae family, the two highly conserved dipeptides QG and SS
are reversed in terms of their position with respect to the
same two dipeptides of all bunyaviruses (Fig. 1A). Again,
this indicates that structure may play a more significant role
in polymerase function than primary sequence. Pre-motif A
contains three strictly conserved residues, and its spatial
orientation indicates that it may play a role in positioning of
the template (Fig. 1A).
The polymerase module sequences of all known bunya-
viruses, as well as those of Lassa (LAS) and Influenza C
(INFC) viruses, were subjected to pairwise alignments by
neighbor-joining to develop a phylogenetic tree (Fig. 2).
Bootstrap analyses were also carried out to ensure fidelity of
branches (data not shown). Results indicated that highly
conserved regions, such as the polymerase module, are able
to accurately predict the phylogenetic relationship among a
group of related viruses. Results seen here were consistent
with the taxonomic classifications currently set forth by the
ICTV (van Regenmortel et al., 2000).Fig. 2. Sequence-based relationship among segmented negative-sense RNAviruses
able to provide a reliable indication of the evolutionary relationship due to the p
module alignments of those bunyaviruses tested used both BLOSUM 62 and PA
taxonomy used for the Bunyaviridae family.Regions 1 and 2 were identified upstream of the poly-
merase module for all examined arena- and bunyaviruses,
with each region varying in length between 120 and 160
residues (Figs. 1B and C). Region 1 contains an invariant
PD dipeptide, preceded by a conserved histidine residue;
region 2 contains conserved lysine and leucine residues, as
well as an invariant RY dipeptide. No function has been
postulated for either region thus far, however functions such
as the cap-snatching mechanism associated with arena- and
bunyaviruses may be related to such conserved domains
(Swanepoel, 1995). Region 4 has only recently been de-
scribed (Aquino et al., 2003) and was postulated to be
bunyavirus-specific, however alignments also show simi-
larity with other segmented negative-sense RNA viruses
(Fig. 1D).
Although only one open reading frame was detected in
nairovirus L segments, the polymerase-associated regions
account for two-thirds of the actual segment itself (positions
609–2681 of CCHF), with undefined regions in both N-
and C-terminal positions (Fig. 3). To discern the necessity, if
any, for these undefined regions, PSI–BLAST searches
were carried out. High sequence homology (E-value <
105) with a newly formed group of OTU-like cysteine
proteases was discovered which might indicate the existence
of a bunyavirus-encoded protease.
OTU-like cysteine proteases show conserved catalytic
motifs, namely sDsXCh(A/C/F/L/I/M/V/W/Y/T/S)tshtXn
H(F/Y/W)t, where s stands for small reside, t for residue
with high ability to form turns, and h for hydrophobic
residue. In the case of CCHF, the catalytic sequence is
GDGNCFYHSIAX100HFD, with the catalytic triad indicat-
ed in bold. This motif is also present in the DUG virus
(Makarova et al., 2000). There has been no specific cleavage
site for OTU-like cysteine proteases described thus far, but
several other potential cysteine protease-like cleavage
motifs are present within the CCHF L segment. Further
studies will focus on identifying and analyzing the cleavage
site within the L segment-coding region. Additionally,. Pairwise alignments of polymerase modules of the Bunyaviridae family are
resence of 11 identical and 30 conserved amino acid residues. Polymerase
M 250 matrices, as well as HMMs, and provide support for the current
Fig. 3. Predicted domains in the CCHF and Dugbe virus L segment ORFs. BLOCKS, PSI–BLAST, and CDD were used with successive iterations to predict
possible functional motifs present in nairovirus polymerases. Amino acid positions given are according to PubMed accession number GI:22788702 in the case
of Dugbe virus, and accession number AY389361 in the case of CCHF virus.
E. Kinsella et al. / Virology 321 (2004) 23–28 27alternate functions, such as cleavage of host cell proteins,
have to be investigated.
BLAST searches showed that the sequences between the
OTU-like cystein protease and the polymerase conserved
region 1 of CCHF and DUG viruses displayed character-
istics of viral helicases, most often seen in positive-strand
RNA virus replicases. Conserved domain databases were
also consulted, resulting in the identification of a potential
leucine zipper and zinc finger within this putative helicase
region. Based on these findings, it is likely that nairovirus L
segments are organized in a manner extremely similar to
positive-sense viral replicases, with both helicase activity
and polymerase activity stemming from one polyprotein.
Replicases may encode self-cleaving proteases for polymer-
ase activation, shut-off of host cell protein synthesis, viral
maturation and temporal control of the viral replication
cycle (Dougherty and Semler, 1993), or these functions
may be performed in whole or part by cellular proteases.
As a result of this study, all Category A list viruses are
molecularly characterized. More importantly, the molecular
analysis revealed good evidence for the existence of a
bunyavirus L segment-encoded autocatalytic protease. Se-
quence determination of the L segment will promote the
development of an infectious clone for CCHF virus which
will allow more extensive investigation of CCHF biology
and pathogenesis through specific manipulation of its
genome.Materials and methods
Virus propagation and RNA isolation
CCHF strain IbAr10200 was kindly provided by the
Special Pathogens Branch, Centers for Disease Control
and Prevention, Atlanta, USA. For virus propagation,
SW13 cells were infected in the high containment labora-
tory at the Canadian Science Centre for Human and Animal
Health with a multiplicity of infection of 10 2 plaqueforming units per cell. Following an adsorption period of
60 min, cells were incubated in 1:1 aMEM/Leibowitz L-15
medium (Invitrogen, Burlington, Ontario) containing 4%
fetal calf serum and 2% penicillin/streptomycin (Invitrogen)
for 4–7 days. Subsequently, cells were harvested in Trizol
LS (Invitrogen) and removed from biocontainment. The
samples were chloroform extracted, followed by high-speed
centrifugation and isolation of the resulting aqueous layer.
RNA was precipitated using isopropanol and pellets were
resuspended in RNase-free distilled water.
cDNA synthesis, cloning and DNA sequencing
cDNA synthesis and subsequent amplification of CCHF
regions were performed by standard one-step and nested
PCR using primers designed against both DUG and CCHF
virus sequences. TOPO-TA kits (Invitrogen) were used to
obtain amplicons in plasmid form for sequencing purposes,
or amplicons were purified and directly sequenced if suffi-
cient genetic material was available. Sequencing was per-
formed on an automated ABI 377 sequencer (Applied
Biosystems, Foster City, CA). Sequence data were then
confirmed by direct sequencing of independently generated
amplification products. To determine the genomic ends,
genomic RNA molecules were circularized by ligating the
3Vand 5Vends of the RNA genomic segments using T4 RNA
ligase (Roche, Laval, Quebec). Between each subsequent
step, RNA was purified using an RNeasy kit (Qiagen,
Mississauga, Ontario). RT-PCR was performed using 5V
and 3V noncoding region-specific primers. PCR products
were cloned for sequence determination. Alternatively, a
RACE kit (Roche) was used to confirm end sequences. All
sequences were obtained using both vRNA- and cRNA/
mRNA-specific primers.
Sequence analysis
Database searches and sequence comparisons were per-
formed using the National Center for Biotechnology Infor-
E. Kinsella et al. / Virology 321 (2004) 23–2828mation BLAST search programs. The Chromas sequence
analysis program (Griffith University; Version 1.41) and the
Clone Manager 6/Align Plus 4 sequence analysis package
(Scientific and Educational Software, Durham, NC) were
used in the analysis and alignment of sequence data. Web-
based bioinformatics programs were also utilized in the
analysis of conserved regions for segment composition
analysis and to generate a neighbor-joining tree subjected
to bootstrap analysis.Acknowledgments
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